Abstract-This paper presents a nonlinear tracking control method for a hard disk drive (HDD) dual-stage actuator (DSA) system that consists of a voice coil motor (VCM) actuator and a piezoelectric (PZT) microactuator. Conventional track seeking controllers for DSA systems were generally designed to enable the VCM actuator to approach the target track without overshoot. However, we observe that this strategy is unable to achieve the minimal settling time when the target tracks are beyond the PZT actuator stroke limit. To further reduce the settling time, we design the VCM actuator controller to yield a closed-loop system with a small damping ratio for a fast rise time and certain allowable overshoot. Then, a composite nonlinear control law is designed for the PZT actuator to reduce the overshoot caused by the VCM actuator as the system output approaches the target track. Experimental results show that the proposed dual-stage servo outperforms the conventional dual-stage servo in short-span seeking and additionally achieves better track following accuracy than the VCM only single-stage servo.
I. INTRODUCTION
The continuous increase of track density and high speed data access in hard disk drives (HDDs) require the head position accurately maintained along the track center (track following) and swiftly moved from one track to another (track seeking). However, the conventional voice coil motor (VCM) only single-stage servo is hard to provide high performance due to its mechanical resonance modes, various disturbances and noise in HDDs. The dual-stage actuators (DSA) are introduced to overcome the limitation [1] , [2] . In DSA servo systems, the VCM actuator is used as the primary stage to provide long track seeking but with poor accuracy and slow response time while the secondary stage such as a piezoelectric (PZT) microactuator [3] is used to provide higher precision and faster response but with a stroke limit. By combining the DSA system with properly designed controllers, the two actuators are complementary to each other and the defects of one actuator can be compensated by the merits of the other one. Therefore, the DSA system can provide both large displacement, high positioning accuracy and fast track seeking.
It is a challenging task to design the DSA controllers to yield an optimal performance because of the specific characteristics: 1) The DSA system is a dual-input single-output (DISO) system, which means that for a given desired trajectory, alternative inputs to the two actuators are not unique. Thus, a proper control strategy is required for control allocation.
2) The secondary actuator typically has a very limited travel range, which results in the actuator saturation problem. A variety of Fig. 1 . A hard disk drive dual-stage actuator with a piezoelectric microactuator (Throughout this paper, we will refer to the combined VCM and E-block assembly as VCM actuator and the combined PZT and suspension assembly as PZT actuator).
approaches have been reported to deal with the DSA control problems. For example, control design for track following and settling can be found in [4] - [6] . The secondary actuator saturation problem was explicitly taken into account during the control design [7] , [8] . In [9] , a decoupled track-seeking controller using a three-step design approach is developed to enable high-speed one-track seeking and short-span trackseeking for a dual-stage servo system. The control design for the PZT actuator by minimizing the destructive interference is proposed in [10] to attain desired time and frequency responses.
In this paper, we study a dual-stage HDD with a pushpull PZT microactuator as shown in Fig. 1 . It consists of a VCM actuator as the primary stage and a PZT actuator as the secondary stage. The PZT is located between the suspension and the E-block, which is moved by the VCM. The two actuators are respectively driven through a PZT amplifier and a VCM driver. The VCM driver has a voltage input limit of +3.5 V. The PZT actuator has a stroke limit of +0.5 ,um and the PZT amplifier has a voltage input limit of +1.5 V. The head position is measured using a laser Doppler vibrometer (LDV) in our experiment setup. We assume that the coupling effects between the two actuators are negligible and then measure the frequency responses of the VCM and PZT actuator separately, which are shown with the dashed lines in Fig. 2 PZT actuator control loop is used to reduce the overshoot caused by the VCM actuator. In this way, the total settling time is much less than that of the conventional control provided that the overshoot is within the PZT actuator stroke limit.
To perform the aforementioned control strategy, we will use the DSA control structure in Fig. 3 , which consists of resonance compensators, a state estimator and a nonlinear tracking controller. The design of these control blocks will be presented in Section II. Section III shows the experimental results. Conclusions are given in Section IV.
II. NONLINEAR TRACKING CONTROL DESIGN
Our objective here is to design the controllers in Fig. 3 such that the two actuators cooperate to enable head position y to track a step command input of amplitude Yr rapidly without exhibiting a large overshoot. In this section, we firstly describe the resonance compensation in Section I1-A and state estimator in Section 1I-B for the DSA system. Then, Section II-C presents the proximate time-optimal control law to yield a VCM actuator closed-loop system with a small damping ratio so as to achieve a quick rise time. Finally, we develop a composite nonlinear control law with a step-by-step design procedure in Section II-D and E for the PZT actuator, which can reduce the overshoot caused by the VCM actuator as the head position approaches the target track.
Resonance compensator DSA plant r~~------ 
and the saturation function sat(ui) (i 1, 2) is defined as sat(ui) sgn(ui)min{ui, luil} where uii is the saturation level of the ith control input. The DSA model parameters in (3)- (5) 
The state estimator gain L can be calculated using the pole placement method [12] by selecting the well-damped estimator poles as two to six times faster than the DSA servo bandwidth.
Remark 1: According to the separation principle [12] , the complete DSA control system in Fig. 3 is stable if the control laws ui and U2 that are obtained assuming actual state feedback and the state estimator are both stable. Thus, we can design the control laws and the estimator separately yet used together. For the simplicity of design, we will present the VCM and PZT actuator control law ui and U2 in Section II-C and D assuming that the true state x is available for feedback. However, the estimated states x will be used in final controller implementation.
C. VCM Actuator Control Design
The role of the VCM actuator is to provide large seeking length beyond the PZT stroke limit. Thus, time optimal control is critical to move the head position quickly from one track to another. The proximate time-optimal servomechanism (PTOS) is a practical near time-optimal controller that can accommodate plant uncertainty and measurement noise. Hence, we apply the PTOS control law [13] to the VCM actuator E1 in (2) and the controller is independent of the PZT control loop. The PTOS control law is given by input remains continuous as well, we have the following constraints 2k1
Ui
The PTOS control law introduces a linear region close to the setpoint to reduce the control chatter. In the region IeCI < yi, the control is linear and thus the gain K [k1 k21 can be designed by any linear control techniques. For instance, using the pole placement method [12] we obtain a parameterized state feedback gain K as follows
where (I and W) (Hz) respectively represent the damping ratio and undamped natural frequency of the closed-loop system CI(sI -A1 + BIK)-Bl, whose poles are placed at27wwi g1+ 1 2.
In conventional DSA control systems, the VCM actuator controller is generally designed to have little overshoot such as by choosing a large damping ratio in (13) . However, in our proposed control a small damping ratio is chosen for a fast rise time and the resultant overshoot is within the PZT stroke limit, which can be reduced by the PZT actuator under a composite nonlinear control law as will be given in Section II-D.
D. PZT Actuator Control Design
The goal of the control design for the PZT actuator E2 in (2) is to enable the PZT actuator to reduce the overshoot caused by the VCM actuator. We have the following step-by-step design procedure.
Step 1: Design a linear feedback control law U2L FX2 (14) where F
[fi f2] is chosen such that the PZT actuator control system as given by
is globally asymptotically stable (GAS) and the corresponding closed-loop system in the absence of input saturation C2(sI-A2 -B2F)-1B2 has a larger damping ratio and a higher undamped natural frequency than those of the VCM actuator control loop. To do this, we choose
where P pT > 0 is the solution of the following Lyapunov equation
for a given Q QT > 0. Note that the solution of P exists (9) since A2 is Hurwitz. To involve the closed-loop properties I f,, explicitly with the control law, we define U10)
( 1 1 Thus, we can easily achieve the desired W)2 and (2 by choosing a proper pair of q, and q2.
Step 2: Construct the nonlinear feedback control law Hence, the PZT actuator closed-loop system with linear feedback control only (15) (10) . It has been proved in [13] 2xfQx2 -2FX2sat(FX2)
< -x QX2 < 0.
X2 with ong the (25) which can be easily deduced from (20) and (24). The proof finishes by observing that the DSA closed-loop system formed by (23) and (26) has a cascaded structure and it satisfies the conditions of Theorem 1 in [15] . It then follows that the cascade system formed by (23) and (26) (2) with the control laws in (9) and (22), and assume that the tracking error (yr -y) is small such that the control inputs do not exceed the limits and the control law (9) works within its linear region. Thus, the DSA closed-loop system can be expressed as S2 -(a2 + b2f2)s -(al + b2fl) (32) such that the resultant overshoot caused by the VCM approximately equals to the PZT stroke limit (i.e., 0. are the closed-loop transfer function of the VCM and PZT actuator control loop, respectively.
At this point, it is clear that the DSA closed-loop system dynamics (31) change from the VCM control loop to the PZT control loop when ay increases from 0 to 1. This desired feature is due to the proper selection of H in (21). From the perspective of zero placement, when ay changes from 0 to 1 the zeros of (31) is moved from the pole locations of the PZT control loop (32) to those of the VCM control loop (33). Since the zeros near the poles reduce the effects of the poles on the total response, we can use y to tune the system dynamics for desired performance. A similar control technique for SISO linear systems can be found in [14] , which however uses the nonlinear feedback law to increase the damping ratio of the closed-loop system poles to reduce the overshoot. We firstly evaluate the track seeking responses within the PZT stroke limit. Fig. 4 shows the result for Yr 0.5 ,m. We can see that the settling times under the proposed control and the conventional control are almost the same. This is because within the PZT stroke limit the PZT control loop dominates the DSA closed-loop system dynamics whatever the VCM control loop is tuned. However, when the seeking length is beyond the PZT stroke limit as shown in Fig. 5 , the settling time under the proposed control is significantly reduced compared with the conventional control. The tests of other seeking lengths are also conducted and summarized in Table I for easy comparison. It is shown that the proposed control can further reduce the settling time by more than 14% for short-span seeking within 2 Atm and 5 ,m. However, the reduction ratio decreases for longspan seeking because the PZT stroke limit is slight relative to large seeking lengths. Fig. 6 .
The dual-stage servo decreases the PES 3u value from 167.1 nm (VCM only servo) to 143.4 nm, which is a 14%o reduction ratio. The power spectrum density (PSD) of the PES indicates that the dual-stage servo yields a considerable improvement in the frequency range from 0 to 2500 Hz. Above 2500 Hz the dual-stage servo leads to some small degradation. This tradeoff is due to the waterbed effect in linear control systems.
IV. CONCLUSIONS
We have proposed a nonlinear tracking control for a disk drive DSA system with a PZT actuator. Distinct from the conventional control, the VCM actuator control loop is designed to have a small damping ratio for a fast rise time. The PZT actuator control loop is then enabled by a nonlinear control law to reduce the overshoot caused by the VCM actuator as the system output approaches the target track. Experimental results showed that the proposed control can significantly reduce the settling time in short-span seeking by more than 14%o compared with the conventional control. Moreover, the proposed DSA servo system can achieve a 14% reduction ratio of the PES 3u compared to the VCM only servo. 
